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Abstract — The binary mixture model was applied in order to provide an explanation of
the discrepancy between the calculated and experimentally measured specific cake resis-
tance in Ti0), cakes. The case under consideration shows clearly that, even where physico-
chemical factors influence the particle size distribution, for some bimodal dispersed sys-
tems where the ratio of larger diameter particles to those of smaller diameter is greater
than 4, the specific cake resistance can be defined by using the particle mixture approach.
Consideration of tortuosity as a variable parameter dependent on porosity may improve
the degree of fit between the cake resistance modelling and experimentally measured re-

sults.
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INTRODUCTION
The appropriate deseription of ow phenomena in porous
media (membrane, (ilter and lilter cake. granular heds, ete.)
is important for the design and control of separation or mass
transfer processes in industry.

Muodelling ol these phenomena range from u pure hydraulic
approach to entirely physico-chemical models'”. The role
ol hydraulic and physicochemical factors in a dispersed
separation system depends on o characteristic system scale,
In colloidal systems, for example, a decreasing scale of par-
ticles increases the role of physicochemical factors. Tlow-
ever, when the dispersed system includes particles ol signifi-
cant size diversity, both approaches must he caretully anu-
lysed.

I1 one considers a dispersed system then, usually, physico-
chemical factors are responsible for aggregation of primary
particles or for the destruction ol aggregates of primary par-
ticlkes. They also detine the durability of aggregates in the
dispersion as well as in the filter cake. which in wrn attects
the cake compressibility.

In any case, the cake hydraulic resistance (specific cake re-
sistance, a) depends on the particle Iraction composition in
the deposit™'®, When physicochemical factors are dominant,
the cake particle composition seems to he of secondary
importance, However. where the particle size distribution is
broad the cake particle composition might become a signili-
cint purameter in determining the specific cahe resistanee
properties.

RESULTS AND DISCUSSION
Bowen and Goenaga studied the crossflow microliltration
of TiO; particles through an inorganic membrane {pore size
0.2 pum), with a filtration pressure ol 34.3 kPa. The authors
showed that the permeation rate depends strongly on the pH
and on the fonie strength of the supporting clectrolyte. As a

linal conclusion, it was pointed out that this variation cannot
be explained simply in terms of panticle size distribution and
it was suggested that an electro-kinetically enhanced back-
diffusion mechanism might operate.

Due to the bi-disperse particle size distribution used in the
experiment, as is shown in Figure | and because of the wide
gap between each average particle size fraction (around
5/0.5 pm), it is possible to show that specific cake resistance
can he satisfactorily described in terms of a binary particle
mixture'®,

IFor the caleulation of specific cake resistance, the following
assumptions were used:

. The dispersed phase was considered as a binary mixture.
The particle size in each fraction was defined as the size
corresponding to the maxima of the particle size distribu-
tion curve of a bimodal distribution. The fraction particle

Percent volume

Particle diameter/fum

Figure 1 Varnation in the size distribution of titanium dioxide
dispersions with ionic strength at pH 8. (1) 107'M, (2) 107°M,
(3) 107'M, (4) 10™*M (Adapted from ")

Trans. Filt. Soc., 2(2), 2002



YELSHIN, TEIXERA, BOWEN and MOTA

sizes were determined from a previous study’.

2. The volume fraction of large particles in the binary mix-
ture, x5 was calculated using the proportion between
large and small particles corresponding to the maximum
points of the bimodal distribution.

3. The only dispersions that were considercd were those
represented on the figures. Table 1 shows dispersion data
as measured by Bowen and Goenaga’ together with cal-
culations based on the binary mixture approach. It should
be noted that the measured membrane resistance, R,
assumes the absence of progressive membrane clogging.

Image modelling and experiments using binary mixtures of
spherical particles of different sizes show that the tortuosity
of pore channels is not constant and depends on the packing
porosity'*'™'*, Therefore, for comparison, the specific cake
resistance was calculated using two types of equations:

a, =180 l“f‘ (1
pdle
and
2
o = 6KU=6) 36K T 1-¢) 2

pde'

2.0
p.dse ;
where, ¢ is the cake porosity; p, is the solid phase density,
d,. is the average mixture particle size, T is the tortuosity, K
= K,T" is the Kozeny's coefficient and K, is a shape coeffi-
cient.

Equation'(1) was used by Bowen and Goenaga’ to calculate
the porosity of a primary particle deposit, i.e., £ = 0.35. It
must be noted that Bowen and Goenaga’ obtained this result
using mono-disperse particles in a 10 solution. The equa-
tion these authors used has a numerical Kozeny’s coefficient
of 180 = 36K = 36K,T° and normally fits well with mono-
sized granular beds (for granular beds K = 4.2 + 5.0 )",
wher‘e): Ko may be assumed to equal 2.0 (Happel and Bren-
ner)™.

Equation (2) differs from Equation (1) by assuming that the
tortuosity is variable, which, for granular beds, may be rep-
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where =04 0.5 and the power coefficient is 0.4 for
spherical particles.  Since TiQ, particles are not spherical,
tortuosity must be more affected by the porosity and it has
been assumed in this work that # = 0.5, which means that T
_— ns

The average particle size of the binary mixture was calcu-
lated by the formula:

R 4

where D is the large particle size and d the small particle
size. All values used in Equation (4) are presented in Table 1
together with those calculated by Equations (1) and (2).

The scattering between the measured specific cake resis-
tance, a, and the calculated values, a, and a,, is shown in
Figure 2.

As can be seen from Table I, the specific cake resistance,
calculated using the assumption of a binary cake
composition is in reasonable agreement with that determined
experimentally. Nevertheless, the best fit is undoubtedly
obtained for Equation (2), when the tortuosity is considered
as a function of the mixture porosity and the average
diameter is calculated by Equation (4). By calculating the
sum of squares of the different calculation approaches:

88, = Z(a -q, ) (5)

and
55,=Y (a-o) (6)

we have SS, = 22.9877 x 10*? and $5,= 2.28066 x 107 (m
k&™), and thus S,/ S, = 10.05.

These results imply that Equation (2) provides a better fit
with the experimental values than Equation (1). It may be
surprising that, by considering the porosity value 0.35
throughout the range of particle sizes. Equation (2) fits so
well. This may probably mean that porosity remains
approximately constant for all ranges of particle sizes, even
in the case of aggregates. The latter case might be more
affected by tortuosity, which may explain the better fit of
Equation (2).

Analysis based on binary mixture app;oach

resented by a power function'”'*2,
T=1/¢" (3)
) Data as measured by Bowen and Goenaga’
-1

* N w* (ums’) y
pH (M) R, (m ) (Vem) ° (mkg")
8.0 10" 2.85x10" -3.38 29.9x10"
8.0 10" 4.02x10" -3.21 13.6x10"
8.0 10° 2.57x10" -2.87 4.8x10"
8.0 10" 2.26x10" -2.73 3.5x10"
4.0 107 2.20x10" -0.12 3.63x10"
6.0 10?2 2.72x10" -1.29 3.65x10"
8.0 107 2.57x10" -2.88 4.8x10"

*I(M) = ionic strength of KNO,, M.

W) e G g e

29.26x10""  25.6x10" 00 050 - 050
14.4x10"  12.6x10" 0.333 050 500 0.71
526x10'"  46x10" 0740 036 590 1.18
247x10"  2.16x10" 0865 030 6.60 1.72
3.17x10"  277x10" 0848 030 555 1.52
331x10"  29x10" 0810 036 555 148
4.8x10" 42x10" 0758 036 555

1.24

Table |: Comparison between the cross flow filtration data and the variation in particle mobility calculated by Bowen and Gocnaga’ and the
values calculated in this study using the two models.
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Figure 2: Comparison of measured values of « with
calculated ) and a; (m kg'l).

CONCLUSIONS "
The additional parameter, #, which was introduced in the
definition of tortuosity as a function of porosity, does not
justify per se the improvement in fit. As a matter of fact, as
tortuosity becomes a non-linear function of porosity, the
term T disappears from the equations and the total number
of parameters and variables remains the same.

Mota et al '® showed that the permeability and the corre-
sponding cake resistance in spherical binary mixtures are
affected by increases in the mean size ratio of the particles.
The present study has analysed the experimental filtration of
real bimodal TiO; particles in the light of previous studies
that investigated regular spherical mixtures

The case considered here indicates that, even when physico-
chemical factors intluence the particle size distribution, for
some dispersed systems that have a wide gap in their aver-
age fractional panticle sizes (D/d > 4), the specific cake re-
sistance can be modelled with the help of a particle mixture
approach. It may also be concluded that the consideration of
lortuosity as a variable parameter dependent on porosity
may improve the modelling of cake resistance and its con-
formity to the values measured by experimentation.
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NOMENCLATURE
d Small size particle diameter ()
d,, Average particle size in binary mixture (m)
D Large particle size (m)
K Kozeny’s coefficient
Ko Shape coefficient depending on a cross-section cap-
illary pore shape
R,  Membrane hydraulic resistance (m™)
T Tortuosity

XD

P

10.

12.
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Volume fraction of large particle in binary mixture
(in cake)

Average specific cake mass resistance (m kgh
Porosity

Solid phase density (kg m™)

Electrophoretic mobility ((um s )/(V em''))
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